High biomass and heavy particle loads may interfere with carbonate chemistry analyses of samples from experimental aquaria and cultures used to investigate the impact of ocean acidification on organisms, as well as from biologically productive coastal regions. For such samples, a filtration method is needed that does not change the dissolved CO 2 content, and consequently does not alter the total dissolved inorganic carbon and pH of the sample. Here, a filtration method is presented in which the sample seawater is pumped by a peristaltic pump through a replaceable 0.45 μm filter in a 50 mm polycarbonate filter holder and then into the sample bottle. Seawater samples of known carbonate composition were filtered to confirm that the filtration method did not alter the CO 2 content, and compromise the subsequent sample analysis and data usefulness. Seawater samples with added phytoplankton concentrations in the range of 1-5 × 10 5 cells mL -1 were also filtered successfully. Finally, seawater with added biogenic CaCO 3 was tested to prove that the method could successfully filter out such particles and produce dependable results. This approach will help to ensure more consistent and reliable carbonate chemistry measurements in coastal environments and from ocean acidification aquaria and cultures, by providing a well-tested method for sample filtration. Limnol. Oceanogr.: Methods 12, 2014, 191-195 © 2014, by the American Society of Limnology and Oceanography, Inc.
Inorganic carbon measurements of seawater are becoming increasingly common as we attempt to better understand the oceanic carbon cycle and future anthropogenic changes. As a result, there is a need to make high-quality CO 2 measurements on samples with significant particle loading such as those collected from coastal and estuarine environments or even from experimental mesocosms. Published standard operating procedures (Dickson et al. 2007) , developed for open-ocean studies, typically assume that filtration is not necessary. Indeed filtration is often seen as potentially problematic as it affords additional opportunity to exchange CO 2 between the sample and the atmosphere, thus changing the sample's total dissolved inorganic carbon level, and hence other CO 2 -related parameters such as pH, p(CO 2 ), or calcium carbonate saturation state. For this reason, authors have avoided filtration of samples intended for these analyses (Kim and Lee 2009; Koeve and Oschlies 2012) .
Nevertheless, the existence of particles in samples can compromise seawater CO 2 measurements in a variety of ways (Gattuso et al. 2010; Hydes et al. 2010) . Particles of CaCO 3 can be dissolved by the addition of acid as in total alkalinity (A T ) titrations, or in many methods for the determination of total dissolved inorganic carbon (C T ), thus increasing the apparent levels of these parameters in the sample. Kim et al. (2006) found that particulate organic matter in the form of phytoplankton and bacterial cells contributed significantly to A T titrations in laboratory samples, suggesting that filtration was necessary prior to analysis. Chanson and Millero (2007) later confirmed that filtration was unnecessary in open-ocean conditions where particulate organic carbon values are low. Spectrophotometric techniques for pH measurement (Clayton and Byrne 1993; Liu et al. 2011 ) and spectrophotometric estimates of carbonate ion concentration (Byrne and Yao 2008; Martz et al. 2009 ) may also be susceptible to interference by particles.
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Materials and procedures
A peristaltic pump is used to transfer the seawater from the sampling reservoir, through the filter and into the sample bottle. For this method, a Pall Life Sciences 47 mm Polycarbonate In-Line FIlter Holder (1119) was used. This screw-type filter holder allowed us to use replaceable 0.45 μm Durapore Membrane Filters (Millipore Cat. No. HVLP04700). The filter holder also has a white screw cap on the top that serves as a vent for trapped air, important to ensure that no gas exchange occurs between the sample and the atmosphere. Tubing (Tygon R-3603 14-169-1G 3/16 inch ID with 1/16 inch wall thickness) was secured to barbs on either end of the filter holder and the inlet end run through a Manostat Simon Varistaltic Pump (Model 72-310-000).
Before collecting sample, the tubing and filter need to be rinsed with the sample water and all bubbles removed from the filter holder. To do this, the peristaltic pump is turned on at a slow speed, which fills the tubing and filter housing with sample seawater. Any seawater passing through during this stage should go to waste. Tapping on the side of the filter holder helps to dislodge bubbles that are trapped, and the small white cap on the filter holder can be removed so that bubbles may escape. With the peristaltic pump still running slowly, replace the white cap. The tubing and filter housing should now be empty of air. Preparing the tubing and filter housing in this way should use roughly 0.1 L seawater. Once ready, a filtered sample can be collected. The speed of the peristaltic pump is then increased; a reasonable flow is approximately 0.8 L min -1 when a filter is inline. The exact flow speed while filtering will depend on the mass of particulates collected on the membrane filter; as the filter clogs, the flow will slow. Seawater is pumped through the filter and into the sample bottle.
The membrane filter must be changed periodically between samples, depending on the particle load of the seawater passed through. To do this, the filter holder is unscrewed, and the membrane filter replaced. Each time the holder is opened the bubble removal technique must be repeated. If the same membrane filter is used, then seawater of the new sample must be run through to waste, replacing the previous sample. This also requires ~ 0.1 L, however the volume will be dependent on the length and diameter of tubing used.
A filter membrane size of 0.45 μm was chosen for this study. Particulate matter is operationally defined as that collected on a 0.45 μm filter (Pickering 1978) , making it an appropriate choice. In addition, use of 0.45 μm maintains consistency with previous studies done on seawater filtration and carbonate chemistry (Chanson and Millero 2007; Kim et al. 2006) . Several larger filter sizes (0.6, 1.0, and 5.0 μm) were initially tested, and all were found to produce reproducible results between filtered and unfiltered samples.
Assessment
Experiments were performed both to demonstrate that the described filtration method does not alter the seawater carbonate chemistry independent of any particle load, and to show that it could adequately remove undesired contributions to C T and A T caused by cells and CaCO 3 particles suspended in the samples. For this study, 250 mL borosilicate glass bottles (Corning 1500-250) were used to collect the filtered samples for analysis of C T and A T , or for analysis of pH and A T . For high-quality measurements from a bottle, it is not usually a good idea to try to measure both C T and pH from the same bottle as some CO 2 transfer may occur before the second analysis is done. The bottles were allowed to fill and overflow, a 1% headspace was created by removing seawater with a syringe, and a greased stopper with rubber band and clip was used to close the bottle.
Total dissolved inorganic carbon was measured using a SOMMA-Coulometer system (Dickson et al. 2007; Johnson et al. 1993) . Samples for pH were analyzed spectrophotometrically (Carter et al. 2013) at 25°C using pure m-cresol purple dye and the equations of Liu et al. (2011) . A T samples were taken from all bottles previously sampled for C T and pH, and were analyzed using the open-cell method described by Dickson et al. (2003) . Certified reference materials were used in conjunction with the sample analyses to ensure the systems were functioning properly, and to provide a calibration for the coulometric C T measurements.
Filtration does not alter the carbonate chemistry
Seawater samples that had been originally prepared as certified reference materials (CRMs) for oceanic CO 2 measurements (Dickson 2001) were filtered and analyzed in replicate to show that the method does not alter the C T , pH, or A T of samples. This is of particular concern due to the potential for gas exchange to alter C T and pH. CRMs were useful for this test, as they have a known certified value, and the seawater has been previously filtered. Twenty-four 500 mL bottles of CRM Batch 124 were filtered using the method described directly into 250 mL sample bottles. No significant difference in C T , pH, or A T was found between these filtered sub-samples of CRM Batch 124 and the original certified values (Table 1) .
This experiment was repeated using CRM Batch 125, a seawater intentionally modified to a p(CO 2 ) of approximately 1250 μatm by bubbling with CO 2 gas. Again, no difference was found between the measured values of the filtered samples and the certified values ( Table 1 ). Demonstrating that the method performs well under high CO 2 conditions assures us that this filtration method is useful in the context of ocean acidification experiments and coastal monitoring where sample seawaters often have high p(CO 2 ), and are thus prone to loss of CO 2 to the atmosphere during sample handling.
Filtration successfully removes phytoplankton
Experiments were also conducted to show that the proposed method is equally effective for seawater samples with significant suspended biomass. Concentrated aliquots of the cultured diatom Phaeodactylum tricornutum were added to bottles of CRM Batch 124 to bring the cell concentrations to 1-5 × 10 5 cells mL -1
. These bottles of seawater were then filtered into 250 mL bottles as described above, and analyzed for either C T or pH, as well as A T . Filtration successfully removed the phytoplankton from the seawater, and the values for the filtered seawater again matched the certified values for CRM Batch 124 (Table 1) .
The average A T of the unfiltered samples of CRM Batch 124 with this amount of phytoplankton added was increased bỹ 3 μmol kg -1 (Table 1) . This matches the contribution to A T found by Kim et al. (2006) for phytoplankton bloom conditions. Filtration returned the observed A T value to the expected, certified value. Unfiltered samples were consistently slightly elevated in C T , but by less than 1 μmol kg -1 , and thus not obviously different than the average filtered or certified value. Similarly, no difference in the average pH of the unfiltered seawater samples was detected at this concentration of cells. However, our tests suggested an increasing variability in spectrophotometric pH with increasing cell concentrations, as might be expected.
Samples with denser cell concentrations may be filtered; although the filter was found to clog once approximately 2 × 10 8 cells were collected. Thus, for denser cultures, smaller sample volumes or larger filter areas are recommended. Alternatively, the filter could be changed during the filtration of a single sample, but this will add additional opportunities for error.
Filtration successfully removes CaCO 3 particles
Another study was done to show that the filtration method successfully removes CaCO 3 particulates from seawater. Shell collected from La Jolla Shores was crushed using a mortar and pestle and added to a polyethylene carboy of seawater to mimic suspended biogenic CaCO 3 . Use of CRMs as a baseline for this test was not considered helpful because the addition of finely ground CaCO 3 can alter the carbonate chemistry of seawater samples by either dissolution or precipitation. Replicate samples of both filtered and unfiltered seawater were taken from the carboy and again analyzed for either C T or pH as well as A T . The added CaCO 3 represented a large load of particulates, which substantially altered both the observed C T and A T of the unfiltered seawater samples (Table 1 ). The observed standard deviations of the unfiltered measurements of C T and A T show the significant added variability such particles cause. After filtration of the seawater, results were again reproducible, giving confidence that all of the particles were removed by the filtration. For the pH measurements, we found no real difference between filtered and unfiltered samples, suggesting either that the particles settled out of the light path in the cell, or that the background correction adequately accounted for any scattering effects.
Discussion
This study describes a simple and relatively low-cost method for sample filtration, which can eliminate the potential for errors in carbonate chemistry measurements resulting from particles such as biogenic CaCO 3 or particulate organic Kim et al. (2006) in that we found A T could be elevated by the presence of cells. We also concur with the observation of Chanson and Millero (2007) that there is likely to be no significant interference when measuring clean seawater. The simple filtration methods employed in those studies, although suitable for A T analysis, will likely change C T and pH. The method described here, using a peristaltic pump, ensures no observable effect of filtration on the CO 2 content, even at the high sensitivity of current state-of-the-art ocean-measuring techniques. Furthermore, filtration will eliminate potential interference by particles or organisms on any of the sample analyses for CO 2 parameters.
Comments and recommendations
The method described here has been tested thoroughly in a laboratory environment, and shown to successfully filter out particles that could otherwise interfere with analyses for C T , pH, and A T . Samples can be easily taken and filtered from laboratory experimental aquaria, where a peristaltic pump might easily be used as a reliable sampling technique. We have also used this filtering method at sea, with samples taken directly from Niskin bottles on a CTD rosette. Sampling in other environments while in the field should be possible, as the filtration setup is transportable, but it may be complicated by the need for power to run the peristaltic pump.
Although this method has been tested on relatively large volume samples so as to allow for analysis using standard open-ocean techniques (typically using about 450 mL seawater to collect a 250 mL sample), it is likely that the same technique could be successfully adapted to a smaller sample using a smaller filter and smaller diameter tubing. Hansen et al. (2013) used a peristaltic pump together with a 0.2 μm syringe filter to filter samples of <10 mL, and found only minor alteration of the C T , though with a less precise approach than that described here. This adaptation should be of particular interest to scientists working with high-density cultures, or in other situations with a significant particle load but limited seawater for sampling. We expect that our filtration method can easily be adapted for other environments and scenarios not discussed here, but where filtering of samples for CO 2 measurement is necessary. The use of a peristaltic pump and enclosed filter assembly ensures that samples collected will not be compromised by gas exchange, and will be suitable for high quality analyses for C T , pH, and A T .
